During postnatal ontogeny of vertebrates, allometric trends in certain morphological units or dimensions can shift drastically among isometry, positive allometry, and negative allometry. However, detailed patterns of allometric transitions in certain timings have not been explored well. Identifying the presence and nature of allometric shifts is essential for understanding the patterns of changes in relative size and shape and the proximal factors that are controlling these changes mechanistically. Allometric trends in 10 selected vertebrae (cervical 2-caudal 2) from hatchlings to very mature individuals of Alligator mississippiensis (Archosauria, Crocodylia) are reported in the present study. Allometric coefficients in 12 vertebral dimensions are calculated and compared relative to total body length, including centrum, neural spine, transverse process, zygapophysis, and neural pedicle. During the postnatal growth, positive allometry is the most common type of relative change (10 of the 12 dimensions), although the diameter of the neural canal shows a negative allometric trend. However, when using spurious breaks (i.e. allometric trends subdivided into growth stages using certain growth events, and key body sizes and/or ages), vertebral parts exhibit various pathways of allometric shifts. Based on allometric trends in three spurious breaks, separated by the end of endochondral ossification (body length: approximnately 0.9 m), sexual maturity (1.8 m), and the stoppage of body size increase (2.8 m), six types of ontogenetic allometric shifts are established. Allometric shifts exhibit a wide range from positive allometry restricted only in the early postnatal stage (Type I) to life-long positive allometry (Type VI). This model of ontogenetic allometric shifts is then applied to interpret potential mechanisms (causes) of allometric changes, such as (1) growth itself (when allometric trend gradually decreases to isometric or negative allometric change: Type II-IV allometric shift); (2) developmental constraint (when positive allometry is limited only in the early growth stage: Type I allometric shift); and (3) functional or biomechanical drive (when positive allometry continues throughout ontogeny: Type VI allometric shift).
INTRODUCTION
In Carlo Collodi's fairy tale novel, Pinocchio's nose suddenly starts to elongate every time he lies. This famous scene is breathtaking for evolutionary biologists. Pinocchio's elongate nose is morphologically bizarre because of not only its size relative to the overall proportion of his face, but also the tempo of the elongation (i.e. rapid rate over a very short time) and the relative timing in the ontogeny (i.e. late juvenile stage). To study bizarre morphological structures, quantifying relative growth, especially tempo and mode of ontogenetic allometric changes, is essential. Besides determining common and unusual patterns of allometric changes for identifying oddlooking body structures, these type of data may allow us to further investigate the mechanisms that are likely oriented to growth/developmental (e.g. telling a lie or being honest), functional (e.g. giving discipline, housing bird nest) and/or phylogenetic (e.g. autapomorpy as a result of the lack of this morphological features in closely-related taxa) signals.
Allometry, the study of the relationship between changes in shape and overall size, is a powerful way of quantifying patterns of relative growth of certain body parts (McMahon & Bonner, 1983; Levington, 1988; Bonner, 2006) . Subsequent to Teissier (1936) and Huxley & Teissier (1936) establishing the method using primarily the power equation with an exponential function, y = bx a , allometry has been largely and effectively used for many morphological units in various taxonomic groups, as reviewed thoroughly by Gould (1966 Gould ( , 1968 Gould ( , 1971 . Allometric trends, expressed by allometric coefficients, allow identification of the three types of relative growth: isometry, positive allometry, and negative allometry (Teissier, 1960; Gayon, 2000; Shingleton, 2010) . To date, most allometric studies attempt to explore detailed allometric trends in a single developmental or ontogenetic period, such as a late embryonic (organogenesis) or more often an entire postnatal growth stage (Bever, 2008 (Bever, , 2009 Bello-Bedoy et al., 2015; Irschick & Hammerschlag, 2015; Rodr ıguez et al., 2015) . Notably, the use of a single growth period can conceal finer ontogenetic and phylogenetic signals or patterns of relative growth. For example, we may conclude that the Pinocchio's elongate nose displays an isometric change (i.e. normal-looking structure), instead of a strong positive allometric change (i.e. abnormal or odd-looking), when allometric coefficients are calculated over a long entire growth period. Otherwise, we may simply fail to recognize the fact that this drastic ontogenetic change occurs very rapidly in an exceptionally short time. Because growth is generally the result of 'a matter of temporal parameters such as rate, duration, and onset or offset' (Raff, 1996, p. 264) , the primary interest in the present study will be to explore how allometric trends change through postnatal ontogeny and what patterns of 'ontogenetic allometric shifts' may exist.
Allometric trends may shift among isometry, positive allometry, and negative allometry in certain morphological units. Degrees of relative growth can increase, decrease or remain constant after passing through a critical point during ontogeny. To detect detailed patterns of ontogenetic 'allometric shift', we can use the idea of 'spurious break', which refers to subdivided growth stages separated by 'critical points' (i.e. certain ontogenetic events or ages). Gould (1966: 599) stated 'the concept of critical breaks (or allometric shift) is also tenable when such transitions can be definitely related to equally sharp physiological events' and pointed out some potential significance. The reality is, however, that not many allometric studies have incorporated this idea, and only a few studies in the literature have clearly highlighted significances for breaks of allometric trends. These studies include, for example, chela of male and female crabs between pre-and post-sexual maturity (MacKay, 1942 (MacKay, , 1943a , relative carapace lengths between males and females of the common littoral crabs (Teissier, 1960) , and the relationship between growth hormone and allometric changes in three prenatal developmental periods of an insect (Shingleton et al., 2007) . Essentially, the previous studies showed that sharp transitions in allometric trends exist. It is further suggestrf that the concept of spurious breaks can provide new insights and further interpretations of allometric changes. This approach allows (1) direct comparison of the degrees of allometric trends in separate growth stages; (2) detection of patterns of ontogenetic allometric shifts; and (3) determination of whether or not any spurious breaks or certain ontogenetic events correspond to sharp allometric shifts. Gould (1968) stated that '. . . if no allometry occurs during ontogeny, for the question "why this change of shape?" (the standard approach to most successful adaptive explanations of form) cannot be asked'. One important outcome that we can learn from ontogenetic allometric shifts through spurious breaks are interpretations for their causes and mechanisms (e.g. the more rapid rate of the strong positive allometry in the carapace of male crabs after sexual maturity, the result of pubertal molts) (Teissier, 1960) . Using the same logical approach, other studies (as mentioned above) investigated how certain growth events like sexual maturity, molting, and release timing of certain growth hormones might correspond to sharp transitions in allometric trends (e.g. MacKay, 1942 MacKay, , 1943a Teissier, 1960; Shingleton et al., 2007) . Although causes of ontogenetic allometric changes can be complex and multiple factors are likely involved, the concept of spurious breaks is likely useful for determining potential controlling factors. Specific hypothetical causes of allometric changes can be tested using a combination of various spurious breaks or critical points and degrees of allometric shifts.
One strong hypothetical candidate for the cause of allometric changes is growth itself or the rate of growth (Raff, 1996; Shingleton et al., 2007; Nijhout & German, 2012) . Because growth rates generally decrease during ontogeny as expressed by a typical sigmoid growth curve (von Bertalanffy, 1938 (von Bertalanffy, , 1960 , ontogenetic allometric trends are likely expected to slow down first in many morphological units (Alberch et al., 1979) . On the other hand, all body parts may not follow this allometric mode and some morphological units may display different allometric pathways. Such unusual allometric trends refer to (i.e. as two extreme examples) positive allometric or isometric changes restricted only in an early growth stage (e.g. embryogenesis and morphogenesis; Richtsmeier, 2003) and continuous lifelong flexibility or late plasticity with positive allometry even in a very late postnatal stage (Herring, 1993) . What may control these types of allometric growth? The consequence of allometric growth (and heterochronic change) is suggested to be controlled by biological constraints, such as developmental and functional origins (Raff, 1996; Frankino et al., 2005) . Biological constraints not only refer to negative, but also positive changes in allometric growth (Gould & Lewontin, 1979; Gould, 1980 Gould, , 1989 . Arthur (2001) alternatively suggested distinguishing between the negative and positive aspects as 'constraints' and 'drive'. This driving force, if any exist, supposedly reflects life-long positive allometry or late phenotypic plasticity. To investigate the relationship between allometric changes and biological constraints/ drives, we need first to determine what types of ontogenetic allometric shifts exist in nature. Knowledge of modes of allometric shifts may provide some clues to interpret what types of constraints and/or drives correspond to allometric growth in postnatal ontogeny.
In the present study, postnatal ontogenetic allometric changes in vertebrae of the extant crocodylian, Alligator mississippiensis (Archosauria, Crocodylia), are primarily investigated. As seen in other tetrapods, the overall vertebral structure is morphologically complex in crocodylian, such as centrum, neural spine, transverse process, neural pedicle, and zygapophyseal joints. The complex external morphology of tetrapod vertebrae, however, has been studied primarily in mature individuals (Gadow, 1933; Romer, 1956; Goodrich, 1958; Romer & Parson, 1977) , embryos based on cell-and tissue-level development (Gadow, 1896; Williams, 1959; Christ, Huang & Wilting, 2000; Rawls & Fisher, 2010) or associated regulatory genes for axial patterning (Lewis, 1978; Burke et al., 1995; Monsoro-Burq & Le Dourain, 2000; Burke & Nowicki, 2001; Di-Poi et al., 2010; Mansfield & Abzhanov, 2010; Sallan, 2012) . The present study will not only highlight allometric changes (i.e. changes in relative size and overall shape), but also quantitative and qualitative morphological changes (e.g. cell and tissue levels) in the vertebral structure during the postnatal growth of the American Alligator.
Alligator vertebrae can provide an essential data set for investigating how size increase matters, or do not matter, for the overall skeletal structure during postnatal ontogeny. Notably, the species shows a more than 10-fold increase in total body size from approximately 0.28 m in hatchlings to over 4 m in very mature individuals (McIlhenny, 1987) . Such a large degree of body size increase must affect relative growth of alligator vertebrae. Indeed, based on quantitative comparisons, overall vertebral shape drastically differs between hatchling and very mature individuals, indicating that a large degree of allometric changes occur during postnatal ontogeny ( Fig. 1) . Between hatchling and very mature individuals, manifest morphological differences appear in, for example, the overall length of spines, transverse processes, and posterior condyle (ball-like structure) of the centrum, which are much longer in adults than in juveniles relative to the overall vertebral size. Based on these observations, alligator vertebrae must allow us to test hypotheses for the causes of allometric shifts. In particular, if a mode of allometric shift shows a general decreasing trend (i.e. characterized by a fast rate in the earliest growth stage and a slow in the latest growth stage; Wilkinson & Rhodes, 1997) , it must correspond to the reason for the growth trajectory of the alligator growth curve (Fig. 2 ). Then we can infer that size matters, as expressed by Gould (1971) : 'a shift in allometry lines to preserve shape at larger sizes' (based on 'transpositionsallometrie'; Kurt en, 1954; Meunier, 1959a, b) , which is likely controlled by developmental or functional constraints. By contrast, if allometric trends do not follow the overall topology of the sigmoid growth curve, we can conclude that size increase does not matter. In this case, size increases in certain vertebral dimensions (e.g. length, width, diameter) of vertebral parts (e.g. centrum, neural arch) must be corresponding to different factors such as developmental or functional drive.
The present study primarily aims to show detailed patterns of postnatal allometric trends and discuss the causes of allometric shifts. Three aspects of allometric trends in alligator vertebrae will be shown:
(1) variation in major vertebral parts using 12 dimensions; (2) along the vertebral column (intracolumnar variation); and (3) among different postnatal growth stages (ontogenetic variation). These data will be compared across all of and each of the three postnatal growth stages separately. Using allometric data, a model of allometric shifts will be established (six types through three postnatal ontogenetic stages). Then a discussion will follow, concerning what factors (growth events) may control or correspond to allometric shifts and how allometric changes can be important for adaptive significance, through key postnatal ontogenetic events, such as (1) the end of endochondral ossification (cell/tissue-level transformation from cartilage to bone); (2) sexual maturity (hormonal change); and (3) the stoppage of growth or body size increase.
MATERIAL AND METHODS

SAMPLES
Thirty-one dry skeletons of A. mississippiensis including both articulated and disarticulated specimens were examined (see Supporting information, Table S1 ). Only specimens having all presacral, Figure 2 . Postnatal growth curve with key ontogenetic events in Alligator mississippiensis. Three ontogenetic events:
(1) end of vertebral ossification; (2) sexual maturity; and (3) the stoppage of growth, are determined by total body size. Uppercase letters indicate the three postnatal growth stages used in the present study (specimens determined in each growth stage are listed in the Supporting information, Table S1 ). The growth curve is adapted from Wilkinson & Rhodes (1997) . sacral, and anterior caudal vertebrae and a femur were selected for the present study. Based on size, the 31 specimens included hatchlings to fully-grown individuals. Total body length, ranging from 0.28 to 4.12 m, was estimated from the greatest length of femur using the equation of Farlow et al. (2005) when the original body size was not recorded.
Total body length was used as the key reference to separate individual alligators into three postnatal ontogenetic stages: early (> 0.9 m), intermediate (0.9-2.8 m), and late (< 2.8 m) (Fig. 2 ). Histology shows that endochondral ossification of centra and neural arches is almost complete in posterior dorsal and anterior caudal vertebrae when alligators reach approximately 0.9 m in body length (Ikejiri, 2012) . Wilkinson & Rhodes (1997) reported that sexual maturity occurs when both males and females reach approximately 1.80 m in A. mississippiensis, and body size generally stops increasing after reaching approximately 2.80 m in females and 3.3 m in males. Size is generally a more practical parameter than chronological age to separate specimens because most osteological alligator specimens do not have an associated record of actual age at death. Using the three postnatal growth stages, allometric trends (see Allometric coefficients below) were calculated separately in each subgrowth stage and over the entire postnatal period (based on all 31 specimens).
Alligator generally has 24 presacral, two sacral, and 20-30 caudal vertebrae (Chiasson, 1969; Hoffstetter & Gasc, 1969) . Ten specific vertebrae were selected in the present study, including the axis (cervical 2), cervical 3, cervical 8, dorsal 1, dorsal 4, dorsal 10, dorsal 15, sacral 1, caudal 1, and caudal 2. Those vertebrae represent nine major vertebral regions along the column of crocodylians (Mook, 1921) , which are established by key morphological features, such as overall shape and relative size of various vertebral parts, as well as the topological relationship in the axial column relative to the positions of skull, ribs, and girdle bones.
The vertebral morphology was divided into three main vertebral parts: (1) the centrum (vertebral body); (2) branching parts of the neural arch (neural spine and transverse process); and (3) the neural pedicle (the base of the neural arch including the zygapophyses and the neural canal). Four measurements were taken per part, for a total of 12 measurements ( Fig. 3) . The 12 measurements represent the overall proportion of vertebral length to width or breadth. Because overall vertebral shape of crocodylians is considerably variable in the vertebral column, some measurements of specific vertebrae cannot be recorded. Those measurements include the length and breadth of the transverse processes in cervicals 2 and 3, the breadth of the transverse processes in sacral vertebrae, and the total length (with the posterior condyle) of sacral centra (see Descriptive morphology below).
For histological preparation of alligator vertebrae, haematoxylin and eosin stain was primarily used at the University of Michigan Museum of Zoology (UMMZ) and the Histology Laboratory of The University of Michigan Dentistry School, Ann Arbor, Michigan. A detailed procedure of this histological preparation is provided in Ikejiri (2012) .
ALLOMETRIC COEFFICIENTS
Allometric coefficients of alligator vertebrae were calculated: (1) measurements of the 12 vertebral dimensions (mm) and the greatest length of femora (mm) were taken to the first decimal place; (2) all measured values were log-transformed; and (3) all data were plotted on log-log diagrams. Femoral length was used as a scale, plotted on the x-axis, in the present study because this dimension has been suggested to exhibit a linear relationship with overall body length in crocodylians and other archosaurs (Houck, Gauthier & Strauss, 1990; Currie, 2003; Farlow et al., 2005) . All vertebral dimensions were plotted on the y-axis. Regression lines were fitted using log(y) = b + klog(x) using the ordinary least squares (OLS) method first. However, the reduced major axis (RMA) method was suggested to be the best way to calculate allometric slopes (Smith, 2009) . All values of allometric coefficients (k) were thus converted from OLS to RMA using the calculation of Swartz (1997) . Intercepts (b) and coefficients of determination (r 2 ) were recorded from OLS slopes because the two methods provide almost identical values (McArdle, 1988; Sokal & Rohlf, 1995) . Isometric and allometric changes were identified based on a 95% confidence interval (CI) of the allometric coefficient (k), which has been used for reptiles and birds (Houck et al., 1990; Currie, 2003) . When the allometric coefficient was ≥ 1.05 (k ≥ 1.05), positive allometry was determined. Isometry was identified when the coefficient was between 0.95 and 1.05 (0.95 ≤ k < 1.05). Negative allometry is referred to when the coefficient is lower than 0.95 (0.95 < k).
Basic statistical tests were conducted using SPSS, version 21.0 (IBM Corp, 2012). The Shapiro-Wilk test (P < 0.05) was used to check whether or not measurements of vertebrae exhibit a normal distribution for each vertebra and each vertebral measurement. A one-sampled t-test (P < 0.05) was used for comparisons of the means of allometric coefficients for each vertebral dimension and for each vertebra. One-way analysis of variance (ANOVA) (Tukey's post-hoc test; P < 0.05) was used to compare means of allometric coefficients among the three growth stages.
The allometric coefficients were first calculated in the 31 individuals, which represent allometric changes during the entire postnatal growth. The allometric coefficients were also calculated separately before and after the three ontogenetic events in each vertebra. Differences in the means of allometric coefficients from a later and an earlier ontogenetic stage, which indicates degrees of allometric shift, were calculated and statistically analyzed using a onesampled t-test (P < 0.05).
RESULTS
Key morphological features of vertebrae in hatchling and very mature alligators are described first. This comparison provides general characteristics of main ontogenetic changes in vertebrae of Alligator. External and internal vertebral morphology is described separately. Then variations in allometric coefficients from the 12 vertebral dimensions are reported as: (1) values from the 10 vertebrae, shown for all 31 individuals (representing all postnatal growth stages) and (2) values from before and after each of the four key ontogenetic events (vertebral ossification, sexual maturity, stoppage of growth, and neurocentral fusion).
DESCRIPTIVE MORPHOLOGY
External vertebral morphology
External vertebral morphology varies in the vertebral column of crocodylians (Mook, 1921; Hoffstetter & Gasc, 1969) . Comparisons of key morphological features from the atlas-axis to posterior caudal vertebrae of A. mississippiensis are listed in the Supporting information (Table S2 ). In fully-grown alligators, the main morphological differences appeared in the overall size and shape of the centrum (e.g. anteroposteriorly short vs. elongate, transversely narrow vs. wide), zygapophysis (e.g. transversely wide vs. anteroposteriorly long articular surface), neural canal (e.g. small vs. large, circular-vs. oval-shaped), neural spine (e.g. rod-like vs. blade-like, short vs. tall), and transverse process (e.g. elongate vs. short). Those intracolumnar differences of various vertebral parts are shown in the Supporting information ( Fig.  S1 ), which was sorted by the 12 vertebral dimensions (log-transformed) and vertebral position. In the vertebral column, elongation of transverse processes was prominent in the mid-dorsal vertebrae. Short neural spines appeared in the anterior to midcervical vertebrae, although the overall height was consistent in the other vertebrae. Elongate centra commonly occurred in the mid-and posterior dorsal vertebrae.
Some morphologically unique features in specific vertebrae also need to be noted. In the axis and cervical 3, the transverse processes were drastically shorter (or almost absent) compared to more posterior vertebrae. The centra of the two sacral vertebrae had almost flattened articular surfaces between them and a convex ball-like structure was absent, which differed from the procoelous articulations (i.e. concave front and convex back) in other vertebrae. Sacral 1 had a considerably larger articular surface of the prezygapophyses (approximately 145% larger than dorsal 15; 480% larger than sacral 2) in fullygrown alligators. Because the sacral vertebrae had very stout, elongate transverse processes (or sacral ribs) that possessed, morphologically, a more complex structure, the anteroposterior breadth at the midpoint of the transverse process was not measured for the present study. Caudal 1 had biconvex articular surfaces of the centrum in most extant crocodylians (Hoffstetter & Gasc, 1969) ; measurements of both anterior and posterior condyles were included for the total length of the centrum in the vertebra.
Quantitative comparisons of anterior dorsal vertebrae of hatchling and very mature alligators showed some evident morphological differences (Fig. 1) . The diameter of the neural canal is proportionally large, relative to overall size of the centrum and overall vertebral height in hatchlings, whereas the relative size of the neural canal was proportionally small in fully-grown alligators. A relatively short neural spine and transverse processes occurred in hatchlings in contrast to elongate ones in adults. In hatchlings, the articular surface of the prezygapophysis was relatively small, whereas adults had a very large surface area relative to overall vertebral size. In lateral view, the centrum of adult alligators showed a greatly extended posterior condyle that was morphologically different from an almost flattened posterior surface in hatchlings.
Internal vertebral structure
Internal structure of vertebral parts varied in adult alligators, based on various coronally sectioned elements (Figs 4, 5) . The almost entire internal space of the centrum and neural pedicles showed highly cancellous bones characterized by tubercular, spongy texture. The neural spine and transverse process mainly exhibited dense compact cortical bone with a lamellar bone matrix in the elongate central cavity. By contrast, hatching alligators showed largely cartilaginous tissues in the entire internal vertebral structure, surrounded by relatively thin compact bone walls (Fig. 4A ). The centrum of the hatchling alligator had a mix of uncalcified cartilage and osteoblast cells, which exhibited 'primary' endochondral ossification (Hall & Witten, 2007) , and appeared earlier in the centrum than near the base of the neural arches (i.e. the neural pedicle along the neural canal). In young juveniles (body length smaller than 0.9 m), endochondral ossification tended to have occurred for almost the entire centrum, without any specific direction or pattern, although the base of the neural arches showed several areas (internal spaces) in the coronal cross section that displayed finely distributed cancellous structure. Endochondral ossification was almost complete when individuals reached approximately 0.9 m in body length in the crocodylian species. In those young juveniles, the centrum exhibited much more dense internal bony structure than the base of the neural arches ( Fig. 4B ). External walls were thick and compact in the lateral side of the neural pedicle and the centrum, near the neurocentral junction, as well as the ventral margin of the centra. Very mature alligators showed fine cancellous bone structures that are characterized by more tubercular bone than the hatchling (Fig. 5 ). The density of internal cancellous structure was almost indistinguishable between the centrum and the neural arch in adults. Those features found in the very mature alligator indicated that the size increase of the two major vertebral parts was the combined result of endochondral replacement of cartilage (until reaching approximately 1.1 m in body length) and enlargement of appositional bone (Zuwachsknochen).
The neural spine and transverse processes showed very similar internal morphology, having relatively thick outer wall and narrow internally hollow space (Figs 4, 5) . In the hatchling, some osteoblast cells were still visible around the bone walls of the processes and spine, although compact bones with avascular bone tissues were already dominant. In the internal cavity, cartilaginous cells were filled, which indicated that endochondral ossification (i.e. replacement) occurred in the early postnatal ontogenetic age. In very mature alligators, osteoblast cells (stained with a dark red colour) largely disappeared in the spine and transverse processes except near the distal-most ends (Fig. 5 ). This feature indicates that size increase (extension) can occur even after formation of extensive appositional bone in this very late postnatal stage.
VARIATION IN ALLOMETRIC COEFFICIENTS
The allometric coefficients were sorted by the 10 selected vertebrae and the 12 vertebral dimensions. The two groups of data sets were first analyzed in all 31 individuals, representing allometric changes all of postnatal growth. Then, the allometric coefficients were compared in the three postnatal ontogenetic periods, using log-log plots of body (or femoral) length and each vertebral dimension. A log-log plot of one vertebra (dorsal 4) from the 31 individuals is shown in the Supporting information ( Fig. S2) as an illustration of the analysis. In the graph, 12 vertebral dimensions were subgrouped into three topological and morphological regions in overall vertebral structure: centrum (vertebral body), branches of neural arch (transverse process and neural spine), and base of neural arch (prezygapophysis and neural canal). All graphs of other vertebrae are not shown, and only summarized results are presented of the allometric coefficients from entire postnatal growth and the three ontogenetic periods. All vertebral dimensions showed a normal distribution based on the Shapiro-Wilk test (P < 0.05). A summary of statistical analyses, including means, SDs, minimum and maximum values, 95% CIs, standard errors, and/or P values for t-test, are listed in Table 1 (entire postnatal stage) and Tables 2, 3 (three subdivided postnatal stages). More detailed results of the allometric coefficients (k), intercepts (b), and coefficients of determination (r 2 ) are provided in the Supporting information (Tables S3, S4 , S5, S6, S7) and also below.
Below, allometric coefficients are reported and compared in an order of ontogenetic stages: (1) entire postnatal period (body length: 0.28-4.12 m); (2) early postnatal stage (body length: 0.28-0.9 m); (3) intermediate postnatal stage (body length: 0.9-2.8 m); and (4) late postnatal stage (body length: 2.8-4.12 m). Alternatively, immature and mature stages are compared based on the mean size at sexual maturity (1.8 m).
Entire postnatal growth (body length: 0.28-4.12 m) Throughout the entire postnatal growth period representing all 31 alligators, the means of the slopes (allometric coefficients) of all 12 vertebral dimensions from the 10 selected vertebrae were not significantly different (t-test: P < 0.05) (Table 1) . Of the 10 vertebrae (total of 114 measurements), the total population mean and SD of the allometric coefficients were 1.14950 AE 0.18945, with a 95% CI ranging from 1.11426 to 1.18475 (Table 1) . All vertebrae exhibited positive allometric values but, notably, no significant difference was found among them (t-test: P < 0.05). These data concerning intracolumnar variation of allometric changes are excluded from further investigation in the present study. The highest mean was found in dorsal 4 (1.20792) and the lowest mean appeared in cervical 3 (1.10296). The r 2 values (coefficients of determination) were consistently higher than 0.9 for all vertebrae, and the two lowest values appeared in the axis and sacral 1 (Table 1 ; see also Supporting information, Table S3 ). Of the 12 vertebral dimensions, positive allometry (k ≥ 1.05) was the most common type of relative change (Table 1 ; see also Supporting information, Table S3 ). By contrast to the intracolumnar variation, vertebral dimensions showed statistically significant differences in allometric coefficients (k). Significantly high positive allometric changes appeared in the centrum length with and without the posterior condyle, the length of transverse processes, the dorsoventral height of neural spines, and the two measurements of the prezygapophysis (t-test: P < 0.05). The largest mean of the allometric coefficients (1.37964) appeared in the dorsoventral height of the neural spine. The transverse process had the second highest mean value (1.37577) of the 10 vertebrae. The strongest positive allometry was found in the length of the transverse process in dorsal 10 (1.57047). In the neural spines and Plots of 31 individuals in dorsal 4 are shown in the Supporting information ( Fig. S2 ). Data of each vertebra are listed in the Supporting information (Table S3 ). Abbreviations for vertebrae are listed in the Supporting information (Table S2) transverse processes, the anteroposterior breadths had much lower and significantly different means of allometric coefficients than the transverse lengths (1.08502 and 1.05365, respectively). The anteroposterior length of the centrum without the posterior condyle also changed with positive allometry (1.09662), although the total length of the centrum had a much higher allometric coefficient (1.17220) ( Table 1) . Negative allometry (k < 0.95) was found only in the height and the width of the neural canal (Table 1) . The height increased slightly more than the width in the neural canal. The allometric coefficients ranged between 0.79264 in cervical 2 and 0.93620 in sacral 1 for the anteroposterior height and between 0.77550 in dorsal 15 and 0.92862 in caudal 2 for the transverse width (see Supporting information, Table S3 ). Isometry (0.95 ≤ k < 1.05) occurred as the least common type of relative change in the 12 vertebral dimensions (Table 1) during entire postnatal growth. Isometric change was found only in the anteroposterior breadth of the neural spine in the 10 selected vertebrae from the 31 individuals. In particular vertebral segments, cervical 8-caudal 2 showed isometry (see Supporting information, Table S3 ). Cervical 8 also exhibited isometric change in the anteroposterior length of the transverse process. The length of the centrum without the posterior condyle also changed isometrically in dorsal 15.
The coefficients of determination (r 2 ) were also significantly different among the vertebral dimensions (see Supporting information, Table S3 ). Based on t-tests, P values were smaller than 0.05 in all centrum dimensions, the neural canal diameter, and the neural spine breadth, indicating a considerably a high degree of variance. The intercepts (b values) were also statistically different (t-test: P < 0.05) in most vertebral dimensions, except for the height of the centrum and the breadth of the transverse process. Relatively high mean values of b are assumed to indicate an overall large proportion relative to the vertebral structure around the hatchling stage (the interpretation based on White & Gould, 1965; Gould, 1971) .
Early postnatal stage (body length: < 0.9 m) Ten out of the 31 alligators had a body length estimated to be shorter than 0.9 m and were assigned to the early postnatal stage (see Supporting information, Table S1 ). All 12 vertebral dimensions showed positive allometry in the early postnatal stage (Table 2 ; see also Supporting information, Table S5 ). The mean of allometric coefficients in the early postnatal stage was significantly different from the total mean (t-test: P < 0.05). The three highest values appeared in the height of the neural spine (1.74731) and the two dimensions of the prezygapophysis (1.58198 and 1.73346). The two lowest values with positive allometry occurred in the diameter (height and width) of the neural canal. Isometry was found only in the breadth of the neural spine (0.9793), and negative allometry occurred only in the dimensions of the neural canal (0.67848 and 0.69351 in the height and the width, respectively). In the later postnatal growth period (consisting of 21 individuals larger than 0.9 m in body length), positive allometry was the most common pattern.
In most vertebral dimensions, allometric coefficients were higher in the early postnatal stage than in later postnatal stage (Tables 3 and 4 ). The only exception appeared in the transverse length of the transverse process, but no significant difference was found (t-test: P < 0.05). The two dimensions of the Abbreviations for vertebral dimensions are listed in Table 1 . Symbols for allometry types: +, (positive allometry); Δ, (isometry); À, (negative allometry). NS, not significant. *An asterisk indicates significantly different value from the total mean of the allometric coefficient (P < 0.05).CI, confidence interval.
neural canal showed the largest degree of change (i.e. decrease) at 0.9 m in body length (difference in the allometric coefficient means in the height: À0.70375). Based on the mean difference of the allometric coefficients (À0.27320), significant decreases (t-test: P < 0.05) occurred in the lengths of the centrum and the neural spine and the widths of the prezygapophysis and the neural canal. A relatively small degree of the mean difference was found in the length (0.02188) and breadth (À0.05672) of the transverse process and the height (À0.07005) and width (À0.06460) of the centrum.
Intermediate postnatal stage (body length: approximately 0.9-2.8 m) and sexual maturity (body length: approximately 1.8 m) Fourteen specimens were assigned to the intermediate postnatal stage based on body length ranging 0.9 m-2.8 m ('Intermediate 1' and 'Intermediate 2' periods listed in the Supporting information, Table   S1 ). Nine of the 12 vertebral dimensions showed continuous positive allometric change but allometric coefficients decreased from the early postnatal stage (Table 2 ; see also Supporting information, Table S4 ). The two exceptions were the total length of the transverse process (from 1.41625 to 1.63616) and the centrum height (from 1.14634 to 1.22011) showing slightly higher values in the later period. Although positive allometric change was the most common in this stage for most vertebral dimensions, the anteroposterior breadth of the neural spine shifted into isometric change. Shifting into negative allometry appeared in the dimensions of the neural canal, indicating that relative growth was restricted in the early postnatal period.
Twenty immature and 15 mature alligators were identified (see Supporting information, Table S1 ) based on the mean body length (1.8 m) at the time sexual maturity is reached in A. mississippiensis. All 20 juveniles (body length > 1.8 m) showed positive allometry in most dimensions (Table 3 ; see also Supporting information, Table S6 ). Relatively high means of the allometric coefficients (> the upper limit of 95% CI = 1.30745) occurred in the height of the neural canal and the articular surface of the prezygapophysis. Of the 15 adult alligators, negative allometric changes were found only in the height and the width of the neural canal (0.60387 and 0.72442, respectively). Only the breadth of the neural spine changed with isometry (1.00508).
Between the juvenile and adult periods, four vertebral dimensions exhibited significantly different change in allometric coefficients (t-test: P < 0.05) compared to the total mean differences of the allometric coefficients in all dimensions (À0.14933) (Table 4 ; see also Supporting information, Table S6 ). Of the four significant differences, the two strongest changes (i.e. decreases) occurred in the height and the width of the neural canal. Other vertebral dimensions tended to show relatively consistent changes of either decreasing or increasing in relative growth through sexual maturity.
Late postnatal stage (body length: approximately 2.80-4.12 m) Of the 31 specimens, seven alligators belonged to the late postnatal period (body length > 2.8 m; see Supporting information, Table S1 ). They were determined to have almost stopped increasing or growing in body size (Fig. 2) . Before the earlier postnatal periods, a positive allometric change was the most common pattern in all vertebral dimensions, except for negative allometry in the dimensions of the neural canal (Tables 3, 4; see also Supporting information, Table S7 ). Positive allometry was found in the neural spine height (1.32694), the transverse length of the transverse process (1.24366), and the prezygapophyseal length (1.17085) and width (1.2460). Isometric changes appeared in the overall length of the centrum and the length and width of the prezygapophysis. Negative allometry was the most common type of relative growth in the late postnatal period, as seen in the seven other dimensions. The allometric coefficients decreased in all vertebral dimensions during the late postnatal period (Table 4 ). Significant degrees of change (t-test: P < 0.05) in the allometric coefficients occurred in the height of the neural canal (mean differences = À0.18699) and the diameter of the centrum (mean differences = À0.190 in height and À0.184 in width). A relatively large degree of decrease also occurred in the transverse width of the neural canal (mean difference = À0.337) and the breadth of the neural spine (mean difference = À0.402).
DISCUSSION
As hypothesized by Arthur (1997) , relative frequencies of ontogenetic allometric growth can change drastically from an organogenesis stage and especially during postnatal life. Data from alligator vertebrae show that changing tempos of ontogenetic allometry are real. Through the three postnatal growth stages (Fig. 2 ; see also Supporting information, Table S1 ), it is worth noting again that the types of relative growth (i.e. isometric, positive, and negative allometric changes) of certain vertebral parts or dimensions shift throughout the postnatal ontogeny. Without realizing this fact, we may determine incorrectly that bizarre-looking morphological structures, such as the enlarged antlers of the Irish Elk relative to its overall skull size (Gould, 1984) , are the result of isometric change or simple positive allometry occurring throughout postnatal life. Spurious breaks (subdivided by key growth events, certain body sizes or chronological age) are essential for identifying unusual timings of allometric changes in certain morphological parts and dimensions. Alligator vertebrae show that tempos of ontogenetic allometry are highly variable among the 12 vertebral dimensions (Tables 1, 2). All vertebral parts also have positive allometric changes in the early postnatal stage, although most vertebral dimensions do not maintain this allometric trend through the later postnatal stages.
What can control these ontogenetic allometric shifts when telling the truth makes elongation of Pinocchio's nose stop? To date, identification and determination of potential causes of allometric shifts (i.e. rates of allometric changes slowing down or speeding up) are generally challenging because multiple complex factors are probably involved (Raff, 1996; Shingleton et al., 2007) . However, it is reasonable to consider whether timings of allometric shifts correspond to specific growth event(s), such that certain events may cause or, at least synchronize with, the allometric shift. The idea of spurious breaks is used below to discuss general trends of ontogenetic allometric shifts and then six modes of ontogenetic allometric shifts. The understandings of detailed patterns of allometric shifts will allow further interpretations of their potential causes.
PATTERNS OF ONTOGENETIC ALLOMETRIC SHIFTS
Three patterns of ontogenetic allometric shifts can theoretically exist after passing a spurious break. Rates of allometric changes from earlier to later growth stages may (1) decrease (slow down); (2) remain the same (relatively consistent); or (3) increase (speed up). Of the three potential pathways, decreasing is the most common allometric trend in the 12 vertebral dimensions (Tables 3, 4 ). The consistent allometric pathway is the second most common trend. In the 12 vertebral parts, no significant level of increased allometric shift occurs throughout the three postnatal growth stages. Not surprisingly, the steepest slope appears in the early postnatal stage and the slowest rate appears in the late postnatal stage in the overall vertebral structure, based on the total mean of the allometric coefficients of the vertebral dimensions (Fig. 6) . The 12 vertebral dimensions also show that the strongest degrees of positive allometry occurred in the early postnatal stage, and significant differences (one-way ANOVA: P = 0.05) appear only in the early stage (early vs. intermediate and early vs. late in Table 5 ). Because the primary mode of ontogenetic allometric shift in alligator vertebrae is slowdown, the fundamentally important question is 'when or what timing do these decreasing events happen during postnatal growth?'.
Using a combination of the three types of relative growth (positive allometry, isometry, and negative allometry) and the three postnatal growth stages, six modes of ontogenetic allometric shifts can be presented (Fig. 7, Table 6 ). Because all 12 vertebral dimensions exhibit positive allometry in the early postnatal stage (Table 2) , differences in the types of relative growth matter only from the intermediate to late postnatal stages with respect to establishing six modes: 'Type I' (negative to negative allometry); 'Type II' (isometry to negative allometry); 'Type III' (isometry to isometry); 'Type IV' (positive to negative allometry); 'Type V' (positive allometry to isometry); and 'Type VI' (positive to positive allometry). Type I ontogenetic allometric shift can be defined by a sharp drop of allometric mode: positive allometry is restricted only in the early postnatal growth stage, whereas negative allometry appears in the later postnatal stages. This mode is not common among the 12 vertebral dimensions but is found only in the diameter of the neural canal. In Type II and Type III allometric shifts, allometric trends first decrease from positive allometry to isometry in the intermediate postnatal growth stage. Of the relatively gentle decreasing pathways, Type II can be identified when the degree of relative growth shifts sharply to negative allometry in the late postnatal stage. This type appears in the cross-sectional dimension of the mid-shaft of the neural spines. Type III, which is characterized by continuous isometry in the intermediate and late postnatal stages, is not seen in any of the 12 vertebral dimensions (although it is theoretically possible).
Type IV, V, and VI modes of ontogenetic allometric shift show positive allometry in the intermediate postnatal growth stage, although a difference appears in the late postnatal stage (Fig. 7 , Table 6 ). Type IV is defined by a shift into negative allometry in the late stage. This mode occurs in the centrum length (cent L) and the width of the transverse process, indicating a considerable slowdown of relative growth only during the latest postnatal life. Notably, the length of the centrum without the posterior condyle is the main component of the total axial body length, which is used to estimate the growth curve (Fig. 2) . In Type V, the allometric trend shifts to isometry in the late stage, which is found in the three dimensions of the centrum (cent L, H, and W). Type VI exhibits positive allometry throughout all of postnatal growth, indicating extensive late postnatal phenotypic plasticity. This mode is not uncommon in alligator vertebrae, being found in the axial elongation of the neural spine, the transvers processes, and the prezygapophyseal articular surface (prez L and W). The six modes of allometric shifts show gaps between axial length (i.e. Type VI) and cross-sectional dimension (i.e. Type II and Type IV) in the transverse process and the neural spine. These differences in the modes of ontogenetic allometric shifts likely occur as a result of different causes of allometric changes, as discussed below.
CAUSES OF ONTOGNETIC ALOMETRIC SHIFTS
For allometric study, spurious breaks established by key growth events allow not only direct comparisons of patterns and processes of allometric changes (e.g. Table 6 . Black solid line, positive allometry; grey solid line, isometry; grey dashed line, negative allometry. Table 2 . Abbreviations for vertebral dimensions are listed in Table 1 . Allometry types: +, (positive allometry); Δ, (isometry); À, (negative allometry).
rates, relative timings) in subdivided ontogenetic periods, but also further interpretations of potential causes or mechanisms of allometric shifts, as demonstrated in some studies (MacKay, 1942 (MacKay, , 1943a von Bertalanffy & Pirozynski, 1952; Teissier, 1960; Shingleton et al., 2007) . Of the three postnatal ontogenetic events of Alligator (Fig. 2) , the strongest degree of allometric shift occurs after reaching 0.9 m in body length (Fig. 6; Tables 4, 5 ). This finding suggests that a tissue-and cell-level transition from cartilage to endochondral bone in a relatively early timing of postnatal ontogeny has a large impact on ontogenetic allometric changes in the entire vertebral structure, as reported in cranial and limb bones of various vertebrates (Hall, 2005; Neubauer, Gunz & Hublin, 2009 ). Sexual maturity, which provides an ontogenetically advanced hormonal condition, has been suggested to be as a main cause of drastic allometric shift in some body parts of various vertebrate and invertebrate species (e.g. the carapace of spiny crabs; Teissier, 1960). Notably, this growth event shows the least degree of allometric shift in the alligator vertebral structure, although four vertebral dimensions still exhibit significant levels of change and only the length of the transverse process shows a slightly increased rate (i.e. the only positive value in Table 4 ). After reaching the late postnatal stage (2.8 m in body length), the rates of allometric changes slow down in all vertebral dimensions. Some vertebral dimensions, however, exhibit much slower rates than others, suggesting that the stoppage of body size increase in the late postnatal stage is important for relative growth of the centrum (axial length and cross-sectional dimensions) in particular and the cross sectional dimensions of the transverse processes (Table 4) . Because growth rate is generally considered to correlate with growth itself (von Bertalanffy, 1938 (von Bertalanffy, , 1960 Richtsmeier, 2003) , ontogenetic allometric trends may follow the growth curve itself, as hypothesized by Arthur (1997) . The main controlling factors of growth rates are generally considered to be a series of growth hormones and insulin-like growth factors (Shea, 1992) . These types of growth hormone and factors have been further suggested to control rates of ontogenetic allometric changes in various body parts and organs (Shingleton et al., 2007) . The topology of the alligator growth curve shows an overall slowdown or decreasing trend through postnatal ontogeny (Fig. 2) that matches Types II-IV or Type V modes of allometric shifts to some degree (Fig. 7) . Because the alligator growth curve is estimated based on total body length across chronological age (Wilkinson & Rhodes, 1997), not surprisingly, the total length of the centrum (cent w/o) exhibits a moderate decreasing shift (Type IV). The three other vertebral dimensions (cent L, H, and W), however, exhibit a slightly gentler decreasing shift (Type V: positive allometry to isometry). The slight gap in the centrum dimensions indicates that the axial column in the presacral to anterior caudal region corresponds to some type of biomechanical role. One strong candidate may be related to the unique procoelous articulation of centra in crocodylians. The more extended posterior condyle of procoelous centra has been suggested to be advantageous for the increasing stability of neighbouring centra and even the entire axial body structure against rostrotermianl compressional and dorsoventral-transverse shearing stresses along the postcranial axial body (Laerm, 1976; Salisbury & Frey, 2001) . Alligator allometric data indicate that those kinds of stress are retained or even increased in the late postnatal stage of crocodylians.
In the relationship between the modes of ontogenetic allometric shift and their potential causes, what is really intriguing are Type I and Type VI allometric shifts, which do not follow the general decreasing or slowdown trend of a growth curve (Fig. 8) . Growth control unrelated to growth rate can exist (Bryant & Simpson, 1984; Zelditch, 2003) , and locally controlled ontogenetic allometry can occur in some individual body structures or morphological units (Raff, 1996) . Thus, what factor(s) may primarily control rates and relative timings of allometric change in certain vertebral parts in specific growth periods? In particular, what controls sharp decreasing at the end of the early postnatal stage (Type I) and the continuous life-long positive allometry (Type VI)? Biological constraints and drives are most likely involved in these unusual pathways of allometric shifts to some degrees. Among several types of biological constraints, such as developmental, functional, evolutionary, and phyletic constraints (Gould & Lewontin, 1979; Gould, 1980 Gould, , 1989 Gould, , 2002 Maynard Smith et al., 1985; Schwenk, 1994; Raff, 1996; Schwenk & Wagner, 2003; Arthur, 2011) , developmental constraint (and drive) may be the main candidate for controlling factors of Type I allometric shifts. As seen in the diameter of the neural canal, positive allometric changes are restricted only to the early postnatal stage. This phenomenon (Type I) can result from the end of embryogenesis and/or morphogenesis (Richtsmeier, 2003) or 'developmental drive' (Arthur, 2001) , which are generally more active in an earlier ontogenetic period (specifically, in the latest embryonic stage; Herring, 1993) .
To test this hypothetical relationship between Type I allometric shift and the consequence of the developmental process, three sources of data are needed for further confirmation. First, specific genes controlling the transition from sclerotome to chondrogenesis may regulate allometric shifts in specific locations of archosaur vertebral structure during the neurulation and organogenesis stages (e.g. a series of hox-a, hox-b, hoxc, Pax, Msx, and Mfh genes: Christ et al., 2000; Rawls & Fisher, 2010; Mansfield & Abzhanov, 2010) . These previous studies are extremely important in the further investigation of the potential controlling genes for allometric growth of specific vertebral parts, such as the centra, transverse processes, and neural arches. Second, information of detailed cell-and tissue-level transformation of vertebrae from organogenesis to subsequent ontogenetic period will be needed (Figs 4, 5) . Third, allometric shifts can be synchronized with changes in other morphological units along the postcranial axial skeleton. For example, the diameter of the neural canal is most likely coordinated with the size increase (cross-sectional diameter) of the spinal cord. This ontogenetic phenomenon is also limited in an early postnatal ontogenetic period in tetrapods (e.g. laboratory mice; Dobbing & Sands, 1970) . Furthermore, crocodylians are known to exhibit relatively robust spinal cords, when compared to squamates (Zippel, Lilywhite & Mladinich, 2003) , which may link ontogenetically to the early restriction of positive allometry in crocodilians. Data on detailed patterns of the size increase in crocodylian spinal cords (and other vertebrate species for comparison) may support this hypothetical scenario.
Life-long positive allometric changes extended to the latest postnatal period must correspond with some forms of biomechanical, as suggested for alligator limb bones (Dodson, 1975; Bonnan, Farlow & Masters, 2008; Livingston et al., 2009; Allen et al., 2010) . Such a circumstance of life-long change is found in the Type VI allometric shift of the greatest lengths of the neural spines and transverse processes but not in the cross-sectional diameter (Table 6 ). In these two beam-like vertebral structures, allometric decreasing occurs in the earlier growth stages of the cross-sectional dimension (Type II and Type IV). This gap in the two beam-like vertebral structures indicates that biomechanical properties, such as geometric similarity, elastic similarity, yield stress, toughness at high strain rates, and fatigue strength (Thompson, 1942; McMahon, 1973; West, Brown & Enquist, 1997; Currey, 2002 Currey, , 2012 , shift in the neural spines and transverse processes during alligator ontogeny. One possible ontogenetic change that can correspond to a mechanical transition(s), is the transition from cartilage to bone tissue (Figs 4, 5) and/or the change (growth) in the arrangement of trabeculae or cancellous bone, which is generally referred to as Wolff's Law (i.e. the assumption of bony structures that generally fit their functions: Frost, 1994; Hall, 2005; Currey, 2012) . Another explanation can be related to a strong positive allometric change in the mass of axial muscles (a series of hypaxial and epaxial muscles described in various studies: Romer, 1956; Frey & Riess, 1989; Christian & Preuschoft, 1996; Tsuihiji, 2005 Tsuihiji, , 2007 Organ, 2006; Fujiwara et al., 2009) . The neural spines and the transverse processes are functionally important to resist stresses of kinetic energy which are directly created by those axial muscles (G al, 1993; Murakami et al., 1994; Salisbury & Frey, 2001) . Moreover, in alligators, the timing of ossification of osteoderms (in various UMMZ specimens), which appears to complete slightly before reaching the mean size of sexual maturity (Wilkinson & Rhodes, 1997) , can also be crucial for allometric changes of the neural spines and transverse processes. A series of those function-oriented changes must 'drive', instead of 'constrain', in accordance with the suggestion by Arthur (2001) regarding axial extension of the two beam-like vertebral structures throughout crocodylian postnatal ontogeny.
The series of late positive allometric changes, which provide more stable articulation of centra and elongate spines and transverse process, in crocodylians may be reflected in archosaur axial evolution. Those features have been considered as a synapomorphy for archosaurs (Archosauria or Archosauromorphes: Gauthier, 1986; Sereno, 1991; Benton, 2004) . In particular, elongate neural spines and transverse processes were suggested to support a larger amount of postcranial axial muscles in archosaurs (Christian & Preuschoft, 1996) . Furthermore, these morphological changes in the axial skeleton were further suggested to be the result of a unique mode of axial locomotion for archosaurs, restricting lateral undulation (Preuschoft, 1976; Parrish, 1987; Bailey, 1997; Reilly & Elias, 1998) , which might even correspond to a higher metabolism, gigantism, and various body forms (Carrier, 1987) . Gould (1968) once stated that evolutionary novelties can be introduced at any stage of ontogeny with varying effects on the subsequent course of individual development. In addition to this view of allometric growth and phyletic evolution, Arthur (1987) suggested that earlier ontogenetic changes may link to a larger magnitude of evolutionary change. The alligator-model of allometric shifts reported in the present study demonstrates that the relative timings of ontogenetic allometric changes (Figs 7, 8) can play an important role in controlling the maximum size and final shape of certain vertebral parts in the latest postnatal ontogeny of alligators. This phenomenon can lead to two fundamental hypotheses. First, the dimension of the neural canal relative to the whole vertebral size, representing Type I mode of allometric shift tends to be conservative (i.e. evolutionarily constrained) among archosaurs or even tetrapods. By contrast, those of the neural spine and transverse process lengths, identified as Type VI mode of allometric shift, can be highly variable and exhibit a larger degree of evolutionary changes compared to other reptiles or even tetrapods. To test the two hypotheses, further investigations of the relationship between ontogenetic and evolutionary allometric changes will be needed along with detailed data on the axial skeletal morphologies of various archosaurs.
ACKNOWLEDGEMENTS
This paper is developed as part of my PhD dissertation. I thank my supervisor Jeff Wilson for criticisms. I am also grateful for the many constructive suggestions received from four other committee members: Tom Baumiller, Janice Pappas, Bill Sanders (University of Michigan Museum of Paleontology), and Ron Nussbaum (University of Michigan Museum of Zoology; UMMZ). Greg Schneider (UMMZ) allowed me to use space in his laboratory for this project. Chris Strayhorn (University of Michigan School of Dentistry) helped with the preparation of histological samples. Curators, collection managers, and/or staff at the following institutions allowed me to examine osteological and fossil specimens: American Museum of Natural History (Herpetology); Florida Museum of Natural History (Herpetology); and University of Michigan Museum of Zoology (Herpetology). Comments from Janice Pappas and Gabe Bever helped to improve an earlier version of this paper. I also thank Alex Hastings and an anonymous reviewer for helpful corrections. 
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S1 . Twelve vertebral dimensions from the axis-caudal 5 in a very mature individual (body length: 3.02 m) of Alligator mississippiensis. Log ratios of the 12 measurements are plotted based on dorsal 15. Abbreviations for measurements are listed in Table 1 . Figure S2 . Allometric change in dorsal 4 during postnatal growth of Alligator mississippiensis. The 31 specimens from hatchlings to very mature individuals show a sample of the allometric coefficients of the 12 vertebral measurements (y-axis), relative to the femoral length (x-axis). Data of other vertebrae are listed in the Supporting information (Table S3 ) .  Table S1 . Thirty-one dry skeletons of Alligator mississippiensis examined for the present study. The total body length was estimated by the femoral length for most specimens. Table S2 . Key morphological features of vertebrae in adult Alligator. Ca, caudal; Cv, cervical; Ds, dorsal; Psa, presacral; Sa, sacral. Table S3 . Summary of allometric values in 10 vertebrae during the entire postnatal ontogeny of Alligator mississippiensis. Allometric coefficient (k), intercept (b), and coefficients of determination (r 2 ) are listed. NA, not applicable. Abbreviations for vertebral dimensions are listed in Table 1 . Table S4 . Summary of allometric values of 10 vertebrae during the intermediate postnatal stage of Alligator mississippiensis. Allometric coefficient (k), intercept (b), and coefficients of determination (r 2 ) are listed. NA, not applicable. Abbreviations for vertebral dimensions are listed in Table 1 . Table S5 . Allometric coefficients of 10 vertebrae before and after vertebral ossification in Alligator mississippiensis. The intercepts and coefficient of determination are also listed for 12 vertebral dimensions. NA, not applicable. Abbreviations for vertebral dimensions are listed in Table 1 . Table S6 . Allometric coefficients of 10 vertebrae before and after sexual maturity in Alligator mississippiensis.
The intercepts and coefficient of determination are also listed in 12 vertebral measurements. NA, not applicable. Abbreviations for vertebral dimensions are listed in Table 1 . Table S7 . Allometric coefficients of 10 vertebrae before and after stoppage of growth in Alligator mississippiensis. The intercepts and coefficient of determination are also listed in 12 vertebral measurements. Data of other vertebrae are listed in Table S3 . Table S7 . Allometric coefficients of 10 vertebrae before and after stoppage of growth in Alligator mississippiensis. The intercepts and coefficient of determination are also listed in 12 vertebral measurements.
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